Abstract We described the 2014 January 17 earthquake (M w =4.3) occurred on the Siberian platform in the area of sublongitudinal part of the Angara river in the zone of possible influence of two large reservoirs-Ust-Ilimsk and Boguchan. This is the first event of such magnitude recorded in this previously aseismic area during the whole period of instrumental observations. A seismic moment, a moment magnitude, a hypocentral depth, and a focal mechanism of the event were calculated on the basis of surface wave amplitude spectra. Analysis of the geological and geophysical data showed that the earthquake origin is connected with high-velocity gradient zone located at the border of the Late Proterozoic cover and the Precambrian basement of the Siberian platform. Some evidences for a natural character of the earthquake were considered.
Introduction
Recent and ongoing studies that focus on seismicity of the tectonically quiet Siberian platform as well as of other plates (Leonov 1995; Grachev and Mukhamediev 1995; Golenetskii 1998 Golenetskii , 2001 Nikonov et al. 2001; Ulomov 2004; Seminskii and Radziminovich 2007 ) are intended to evaluate seismic hazard in the areas of industrial and civil construction, hazardous industries, and mining. The seismological data are of particular importance in studying the areas adjacent to the cascade of hydroelectric power stations with reservoirs on the Angara River. In fact, the construction of such monumental hydraulic structures may change natural conditions in the surrounding area and give rise to a geologically disturbed environment.
It is well known from past experience that the filling of large reservoirs triggered so-called induced seismic activity (Gupta et al. 1972 Baecher and Keeney 1982; Simpson et al. 1988 Talwani 1997 Gupta 2002 Kangi and Heidari 2008; Shapiro and Dinske 2009; Telesca 2010; and others) . However, this phenomenon is not observed in every case and relates to the corresponding geodynamic conditions created in turn by a combination of many factors (dam height, deep structure, preexisting critical stresses, environmental rheology, etc.). There is not yet direct evidence for induced seismicity at the territory of the Siberian platform since no detailed seismic observations are made there due to the remoteness of seismic stations (Δ min ∼400 km). This ambiguous case is mentioned in a number of publications whose authors one way or another address themselves to the problem (Trzhtsinskii and Leshchikov 1978; Golenetskii 1998 Golenetskii , 2001 Levi et al. 2013) .
In these circumstances, each of felt earthquakes occurring on the platform needs particular attention and informs of the nature of such events. Among these is a 2014 January 17 earthquake (07:01 GMT; M w =4.3) occurred in a previously aseismic area in the Middle Angara River on the Siberian platform, in the zone of possible influence of two large reservoirs-Ust-Ilimsk and Boguchan (Fig. 1) . This paper aims to study possible causes of this event. Fig. 1 Map of the epicenters of earthquakes occurring on the Siberian platform (M ≥1) and the Sayan-Baikal fold belt (M ≥4.5). 1-epicenter of the 2014 January 17 earthquake with M w =4.3; 2, 3-epicenters of earthquakes observed over the instrumental period ; 4-epicenters of historical earthquakes; 5-focal mechanism with a date (day, month, year) of a seismic event in the lower-hemisphere projection (the emergences of compression and tension axes are black-and white-dotted); 6-regional seismic stations (abbreviations correspond to the international code); 7-hydroelectric power stations of the Angara cascade: BG Boguchan, UI Ust-Ilimsk, BR Bratsk, IR Irkutsk; 8-conventional border of the Siberian platform. The inset at the left shows the distribution of the number of platform earthquakes during the time of day (GMT); the inset at the right shows the location of the investigated area on the Eurasian continent 2 Earthquake parameters and structural features of the epicentral area
The 2014 January 17 earthquake was recorded by 22 regional (Δ=4°-11°) and several tens of remote (Δ=7°-145°) stations, primarily SE, S, and SW of the epicenter. As seen in Fig. 2 , its location is not exactly determined from the current data provided by international seismological agencies, with a spread of no more than 40 km and unreliable hypocenter depths ranged from 4 to 30 km (International Seismological Centre 2014) . In our studies, we used regional data obtained by the BYKL agency (Baikal Regional Seismological Center, GS SB RAS) using the method by Golenetskii (2001) and average medium parameters: the crust thickness is 40 km, Pg-wave velocity is 6.15 km/s, and Sg-wave velocity is 3.58 km/s. According to this model, standard errors of epicenter location do not exceed 10 km.
The macroseismic data show that the 2014 January 17 earthquake ground motions were felt at a distance of up to ∼300 km, with shaking intensity distributed irregularly in the felt area and decreased rapidly with distance from the epicenter. The largest macroseismic effects were observed in the town of Ust-Ilimsk (Δ=67 km, I=4-5).
The structural and tectonic profile of the Siberian platform as a whole is determined by the consolidated Early Precambrian basement and the platform cover composed of the formations spanning the Late Precambrian to Neogene-Quaternary. Besides large tectonic blocks-terrains and collision zones that are the major elements of the platform basement structurethere are smaller-scale tectonic units (Rosen 2003) .
The geological section in the zone of the Angara cascade of water reservoirs shows three structural levels: Paleozoic, Mesozoic, and Cenozoic. In the PreCenozoic structure of the Siberian platform, the earthquake area is confined to the Angara-Vilyui intraplatform trough that falls within the southern Tungus syneclise whose platform cover is represented Fig. 2 The 2014 January 17 earthquake epicenter location based on the real-time data from different seismological agencies (International Seismological Centre 2014) . Аctive faults shown after Geological map of USSR (1962, 1965, 1966a, 1966b, 1968, 1976) . Agencies: BYKL Baikal Regional Seismological Center, GS SB RAS; NEIC National Earthquake Information Center; IDC International Data Centre, CTBTO; GFZ Helmholtz Centre Potsdam, German Research Centre for Geosciences; BJI China Earthquake Networks Centre by the Mesozoic trappean formation including effusive and infusive traps, tuffaceous formations, and contact zones (Feoktistov 1978; Trzhtsinskii and Leshchikov 1978) . The 1:200,000 geological survey data (Geological map of USSR 1962 , 1965 , 1966a , b, 1968 , 1976 show a rather large mosaic occurrence of local faults therein.
The results of geophysical studies of the crust structure in the investigated part of the Siberian platform are rather contradicting that might be due to both ambiguity of inversion as a whole and different interpretation of deep seismic sounding (DSS) data. Thus, in the papers dealing with analysis of the ultra-long-range seismic profile (BRiftp rofile) data on peaceful nuclear explosions and chemical sources (Egorkin 1991; Pavlenkova et al. 2002) , the crust thickness varies from 40 to 43 km whereas in that by Suvorov et al. (2002) , it is about 46 km. There is also a discrepancy in the values of the sediment thickness reported for the epicentral area: they vary from ∼6 km (Pavlenkova et al. 2002; Suvorov et al. 2002) to 10 km (Egorkin 1991) .
There are also considerable differences in the values obtained for the velocity structure of the crust. For example, according to Suvorov et al. (2002) , the 6-12-km depth range in the epicentral area of the earthquake considered is characterized by high-velocity anomalies with P-wave velocities of up to 7.0 km/s. However, the pattern calculated by Egorkin (1991) does not show so large velocity anomalies, and the velocities in the same depth range vary from 5.8 to 6.5 km/s. The smoothest model with a gradual velocity increase with depth and without horizontal velocity variations was obtained by Pavlenkova et al. (2002) . In all the studies, the mantle boundary P-wave velocities are 8.1-8.2 km/s.
Besides, according to the data presented by Egorkin (1991) , the crust in the investigated area of the Siberian platform is characterized by highly inhomogeneous relationship between the P-wave and S-wave velocities both in vertical and horizontal directions: V p /V s =1.60-1.75. The largest lateral variations have been identified in the upper crust, in the depth interval from 10 to 15 km.
Therefore, the results of geophysical studies in the epicentral area of the earthquake show that the crust in this region is highly inhomogeneous both vertically and horizontally.
Source parameters
The data used for determination of source parameters were records of the earthquake at the IRIS broadband digital stations. The records with low signal/noise ratio and polarization anomalies were rejected from the inversion. In total, we selected six seismic stations (Fig. 3 ). Minimum and maximum epicentral distances were 2278 and 4448 km, respectively. To extract fundamental modes of Love and Rayleigh waves, we applied a frequency-time analysis (FTAN) procedure (Levshin et al. 1989) . Surface wave amplitude spectra were calculated in the period range from 30 to 60 s. The initial and filtered records normalized with respect to the maximum observed amplitude are shown in Fig. 3 . Figure 4 illustrates the method of signal analysis for the particular case of the transverse component (T) seismogram recorded at the MAJO station. We used the dispersion curve to design a time-dependent filter to extract the fundamental mode with minimum noise contamination.
To estimate source parameters of the earthquake, we used the inversion of surface wave amplitude spectra, based on the method described by Bukchin (1990) . The reliability of this method in source mechanism determination of large (M w ≥5.2) and medium (M w ≥4.3) seismic events occurred in different regions has already been demonstrated (Bukchin et al. 1994; Gomez et al. 1997a Gomez et al. , 1997b Lasserre et al. 2001; Melnikova 2013, 2014) . Assumptions of the method (instantaneous pure double-couple point seismic source with known origin time and epicentral location (Bukchin 1990 ) and medium with weak lateral inhomogeneity (Woodhouse 1974; Babich et al. 1976 ) allow us to completely define the seismic source by its doublecouple depth, seismic moment M 0 , and focal mechanism parameters (strike, dip, and slip angles of the nodal planes or directions of principal compression and tension axes). The moment magnitude M w was calculated from the seismic moment according to Hanks and Kanamori (1979) .
However, using only surface wave amplitude spectra does not provide a unique focal mechanism solution and four equivalent solutions exist due to the sign ambiguity of moment tensor components and to the symmetry of the radiation patterns of surface wave amplitude spectra with respect to the epicenter (Mendiguren 1977) . To constrain the uniqueness of the solution (Lasserre et al. 2001) , we additionally used P-wave first-motion polarities obtained from the records at short-period seismic stations of the Baikal regional network (Fig. 1) . In our case, the focal mechanism calculated by the joint inversion is almost identical to one of the equivalent solutions.
We estimated the quality of the results obtained by the normalized joint residual function (ε) characterizing the deviation of the synthetic surface wave amplitude spectra from the observed one and the ratio between the P-wave first-motion polarities which are inconsistent with the calculated radiation pattern and the total number of the polarities. Also, we calculated a partial residual function fixing one of the sought parameters (depth for instance, ε h ) (Lasserre et al. 2001) .
The crustal structure beneath the seismic stations was approximated by the 3SMAC model (Nataf and Ricard 1996) . Though there are some DSS profiles crossing the epicentral area (Egorkin 1991; Pavlenkova et al. 2002 , Suvorov et al. 2002 , we cannot prefer one of them according to the reasons given above. We approximated the crust in the vicinity of the source by the 3SMAC and CRUST 2.0 models (Bassin et al. 2000) . The latter provided a lower value of the residual function, so the ultimate focal mechanism solution was obtained using this model. To describe the upper mantle structure and to calculate the attenuation of surface waves, we used the PREM model (Dziewonski and Anderson 1981) .
Our best estimate of the double-couple focal mechanism shows predominant strike-slip motion (Fig. 5) . The first nodal plane has strike, dip, and slip angles of 105°, 85°, and −38°, respectively, and the second nodal plane 199°, 52°, and −174°, respectively. We obtained a seismic moment of 0.34×10 16 Nm, a moment magnitude M w = 4.3, and a hypocentral depth h = 6 km.
Comparison of synthetic and observed intermediate period spectra for Rayleigh and Love waves (Fig. 6 ) demonstrates rather good data fitting. To improve the fitting, we should take into account the finiteness of the source (Gomez et al. 1997a, b) , but it is unfortunately impossible with the available data.
Though we made use of only reliable first-motion polarities of P-waves, two of them do not agree with the radiation pattern corresponding to the obtained focal mechanism (ORYand KMO stations). But, both of them are close to the nodal planes and probably do not exceed the mistakes of the calculations. Moreover, the authors were not able to revise the records at the TBTR and ORY stations.
Previous seismicity
The area of the 2014 January 17 earthquake is nearly aseismic, with low seismic activity observed for the Siberian platform as a whole (Fig. 1) . This is primarily due to the history of geological development and deep structure of the crust and the upper mantle of the Siberian platform. The current tectonic activity of the crust therein is spatiotemporally irregular, and this is the reason for the fragmentary character of seismic process (Seminsky et al. 2008 ). Earthquake recording is also a contributory factor to the lack of detailed seismological information; there are almost no seismic stations on the platform, and all the platform events are recorded by regional stations of neighboring high-seismicity regions in the Baikal Rift Zone (BRZ), the Altai-Sayan area, and the Krasnoyarsk Territory. An approximate estimation of the earthquake completeness showed that the M ≥3.3 events in the Siberian platform boundaries are recorded almost without skipping since 1962 (Golenetskii 2001) . Most of them are concentrated in the marginal parts of the platform (Mel'nikova et al. 2010 ) that may be due to geodynamic influence of the tectonically active Sayan-Baikal fold belt.
There is another problem arising in analysis of the platform seismicity in relation to the contamination of earthquake catalogues with data from blasts that are usually not reliable. The inset of Fig. 1 (left) represents the distribution of the number of seismic events (depending on the time of day (GMT)) that occurred throughout the platform during the period 1965-2013. The distribution shows that the most of events (∼66 %) were recorded in the local daytime (00.00-13.00 GMT). Since the blasting could be performed just in that period, there is a strong probability that most of these events are blasts.
Note that in the period 1962-1996, there were not any large events (M ≥4) throughout the Siberian platform, and therefore, the 1996 February 26 earthquake with mb=4.2, which occurred near the Bratsk reservoir (Golenetskii 1998) , can be assigned to events of rare location and effects. Its focal mechanism determined from the first P-wave polarities (Melnikova and Radziminovich 1998) showed reverse-fault displacements in the northwest-striking fault planes (in the northern rhumbs). Up until the 2014 January 17 event, some other earthquakes with M ∼4 occurred, primarily near the areas of the Siberian platform adjacent to the BRZ (Fig. 1) . The source of one of these earthquakes (the 2005 December 15 event with mb = 4.0) (International Seismological Centre 2014) is characteri z e d b y o b l i q u e -r e v e r s e ( n o t r i f t ) m o t i o n (Radziminovich et al. 2005 ).
According to historical data, the earthquakes with comparable or even much larger magnitudes also occurred, although rarely, in different areas of the Siberian platform in the past (Golenetskii 1999) . The analysis of numerous sources and reanalysis of seismograms that were initially recorded by a seismic station BIrkutskŷ ielded slightly over ten historical earthquakes with M >3.5 for a vast territory of the Siberian platform (Golenetskii 1999; Radziminovich and Shchetnikov 2008; Chipizubov 2010; Tatevossian and Mokrushina 2013) . In spite of the fact that there were large errors (δ±1°) in epicenter locations, the earthquakes can still be considered platform (Fig. 1) .
Discussion
The nature of rare earthquakes scattered over the Siberian platform is difficult to study because it is difficult to relate these earthquakes to certain geological structures. The reason has to do with the errors in determination of velocity models and spatial coordinates of the earthquakes and irregular and insufficiently detailed study of the area. Moreover, as mentioned above, the study of the platform earthquakes naturally gives rise to a question concerning induced earthquakes that may be caused by technogenous impact on natural objects including filling or operation of the large Angara cascade of reservoirs.
Let us consider the geological and geophysical preconditions for the occurrence of the 2014 January 17 earthquake near the Middle Angara River on the Siberian platform-the only earthquake with M w =4.3 during the period of instrumental observations . In spite of some disagreement between velocity models of the crust obtained by different authors (Egorkin 1991; Suvorov et al. 2002; Pavlenkova et al. 2002) , the fact should be taken into account that the earthquake source observed on all of the seismic sections is confined to the areas of abrupt variation in velocity characteristics of the medium. Geologically, the reason may be in high-velocity trappean intrusions that are irregularly distributed in the Siberian platform and cause density inhomogeneities in the crust (Feoktistov 1978) . Under suitable conditions, including also uneven lithostatic load that can influence the rheological properties of the medium and strength of rocks, such inhomogeneities may encourage earthquake occurrence. Similar trends were revealed in earlier research involving the analysis of structural features of the focal zones of the Muya (M=7.6, 1957) and the North Baikal (M=6.6, 1917) earthquakes in the northeastern flank of the BRZ (Krylov et al. 1993 ) and the Kemin (M=8.2, 1911 and the Vernen (M=7.3, 1911) earthquakes in the Northern Tien Shan (Krylov and Ten 1995) . According to the P-and S-wave interpretation of the DSS data and geothermal materials, these seismic events were located in the zones with rather large variations in body wave velocities (0.2 km/s); the analysis of physical-mechanical models of the crust allowed the authors to relate the hypocenter locations to the margins of large bodies with high elastic parameter values.
Low-intensity tectonic movements of the Siberian platform and low seismic activity make it rather difficult to estimate specific features of the stress-strain state of the crust in this area. Single-event focal mechanism determinations ( Fig. 1) do not solve this problem.
Activation of particular tectonic blocks on the Siberian platform may be due to the fault tectonic of the Sayan-Baikal fold belt (Seminsky et al. 2008) including the Baikal rift and the East Sayan. The NW-SE horizontal extensional stress is known to dominate in the central part of the rift while strike-slip motions combining with extensional and compressional components are typical at the flanks (Mel'nikova and Radziminovich 2007; Heidbach et al. 2010) . Outside the rift, the SW-SE horizontal compressional stress is observed throughout the major part of the Asian continent (Zoback 1992; Heidbach et al. 2010) . So, the SW flank of the rift is a transition zone from the compressional structures of the Altai and Mongolia to the extensional structures of the Baikal rift.
The influence of the Sayan-Baikal fold belt may spread out into the hundreds of kilometers into the Siberian platform territory (Seminsky et al. 2008 ) and demonstrates irregular distribution within fault zones at different scales, diversity, and small intensity. The rare available focal mechanism solutions of the platform earthquakes confirm the variable character of the movements of the local crust blocks on the platform. The origins of the two earthquakes located in the influence area of the East Sayan (Fig. 1) were formed under the regime of maximum horizontal compression oriented in different directions. The focal mechanism of the 2014 January 17 earthquakes occurred in the inner territories of the platform demonstrates the strike-slip motions. The directions of the horizontal axis of SE-NW extension and NE-SW compression correspond to the regional stress field (Mel'nikova and Radziminovich 2007; Heidbach et al. 2010) . As mentioned earlier, the similar focal stress pattern is typical at the rift flanks where the compressional and extensional stresses are almost equal. So, the rifting at the Baikal rift and the orogenesis at the East Sayan may form the stress-strain field of the inner parts of the Siberian platform including the epicentral area of the earthquake under study.
The strike-slip motions from the 2014 January 17 earthquake, followed by some normal-fault component, occurred on a fault plane striking NW or NS. Smallscale faults of similar orientation are mapped in the top of the crystalline basement of this region (Fig. 2) . Fault tectonics and density inhomogeneities in the medium near the earthquake source may have provided specific (as compared to the environment) conditions for generation and release of tectonic stresses therein.
As far as a probable relationship between the investigated earthquake and filling of the Boguchan reservoir (volume V=58.2 km 3 , area S=2326 km 2 , maximum width W=13 km, dam height H=96 m) and influence of the Ust-Ilimsk reservoir (V=59.4 km 3 , area S= 1873 km 2 , W=12 km, dam height H=90 m) is concerned, we note that the induced seismicity is generally observed near reservoirs. In our case, the distance from the epicenter to the first reservoir is ∼160 km and to the second ∼115 km, and according to (Talwani et al. 2007) , the immediate undrained effect of the Boguchan and Ust-Ilimsk reservoirs should be contained within a horizontal distance of ∼45.5 and ∼42 km, respectively (three to four times W). Therefore, the epicenter is outside the area within which the instantaneous undrained elastic response to the loading of the reservoir occurs.
An indirect evidence for a natural character of the earthquake considered is based on the lineament-domain-focal model for seismic source zones (Ulomov 2013 ), adopted for a new version of the maps of general seismic zoning of Russia OSR-2012, according to which the maximum magnitude potential of the source zone is M max =4.5, and the maximum shaking intensities for the area of the Ust-Ilimsk reservoir are 5 and 6 with respective to 1000-and 2500-year recurrence intervals. Therefore, the 2014 January 17 earthquake (mb=4.6, M w =4.3) exceeded neither observed shaking intensity (4-5 in MSK-64) nor magnitude plotted on the map OSR-2012.
Conclusion
The relationship between the hypocentral depth calculated and the sedimentary layer thickness shows that the origin of the 2014 January 17 earthquake is located at the border of the Late Proterozoic cover and the Precambrian basement of the Siberian platform. According to the focal mechanism obtained, the smallscale faults with northwestern and north-north-eastern strikes were activated in the crystalline basement. Highvelocity inhomogeneities in the middle crust promoted to concentrate and then to relax the tectonic stresses. The data considered are not enough to connect the earthquake with filling or operation of the Angara cascade of water reservoirs, so we concluded that 2014 January 17 event had a natural character.
